Francisella tularensis is a highly virulent facultative intracellular bacterium and is considered a potential biological warfare agent. Inhalation tularemia can lead to the development of bronchopneumonia, which is frequently fatal without medical intervention. Treatment strategies that directly target the respiratory mucosa may extend the efficacy of therapy, particularly for the medical management of acute aerosol exposure. To this end, we describe an intranasal (i.n.) strategy for the treatment of pulmonary Francisella infection in mice that uses a combinatorial approach with the conventional antibiotic gentamicin and interleukin 12 (IL-12). The i.n. administration of IL-12 alone promoted bacterial clearance and extended the time to death but did not prevent mortality against lethal pulmonary challenge with Francisella tularensis subsp. novicida. However, i.n. treatment with gentamicin and IL-12 therapeutically at 8 and 24 h after challenge markedly enhanced the rate of survival (70 to 100%) against pulmonary infection compared to the rates of survival for animals treated with antibiotic alone (17%) or IL-12 alone (0%). A delay in combinatorial therapy over a span of 4 days progressively decreased the efficacy of this treatment regimen. This combinatorial treatment was shown to be highly dependent upon the induction of endogenous gamma interferon and may also involve the activation of natural killer cells. Together, these findings suggest that IL-12 may be a potent adjunct for chemotherapy to enhance drug effectiveness against pulmonary Francisella infection.
Francisella tularensis is an intracellular gram-negative bacterium that is the causative agent of tularemia (39) . F. tularensis can be classified into several subspecies, including those most relevant to human disease: F. tularensis subsp. tularensis (type A) and F. tularensis subsp. holarctica (type B) (11, 41 ). An additional subspecies, F. tularensis subsp. novicida, shares biochemical and genetic similarities to F. tularensis and is highly virulent in mice (15) . F. tularensis has long been considered a potential biological weapon and has been actively studied as a potential germ warfare agent (5, 7, 18) . Inhalation of as few as 10 organisms will cause disease that is frequently lethal and that therefore requires prompt medical management.
Treatment of tularemia in humans includes the use of aminoglycosides, particularly streptomycin and gentamicin (7, 12, 13, 25, 27) . Treatment regimens with these antibiotics involve prolonged daily therapy, with relapses and failure rates up to 33% (12) . Other classes of antibiotics, including the fluoroquinolones, such as ciprofloxacin (38) , have demonstrated some efficacy after prolonged treatment in mice (35) and humans (21, 23) . Aerosol studies with F. tularensis SCHU 4 in monkeys showed that the animals had to be treated within 24 h of exposure with 13 consecutive daily doses of tetracycline (200 mg intragastrically) to be effective (36) . Delay of treatment resulted in febrile episodes and illness. In similar aerosol studies with human volunteers, continual daily treatment with tetracycline for approximately 2 weeks was shown to be required to clear the infection (36) . The factors that contribute to the poor performance of conventional antibiotics against intracellular bacteria include reduced cellular uptake (22) and drug inactivation within subcellular compartments (28) . A recent study by the Working Group on Civilian Biodefense (7) reported the need to develop a rapid postexposure means of protection against the illicit use of F. tularensis as an airborne bioweapon. Thus, any potential therapeutic application that can be safely administered at a reduced dosage and with a reduced length of treatment may provide a novel strategy that can be used to combat airborne pathogens.
The use of cytokines in combination with conventional antibiotics has shown promise against a variety of intracellular bacteria (34) . Interleukin-12 (IL-12) is a pivotal regulatory cytokine that preferentially activates T-helper (Th1) and NK cells to induce the production of gamma interferon (IFN-␥) (42) . Previous investigators (1-3, 24, 31) have provided convincing evidence for the use of soluble IL-12 delivered intranasally (i.n.) as a potent and safe (20) vaccine adjuvant for stimulating protective mucosal immunity. The ability of IL-12 to induce efficient Th1 immune responses has been shown to be important in combinatorial immunotherapy (37) . IL-12 and antibiotics, such as clarithromycin and rifabutin, have been reported to promote the clearance of Mycobacterium avium (8) . In addition, combination therapy with IL-12 and fluconazole was shown to be highly effective against cryptococcal infection (6) .
In the present study, we demonstrate the synergistic effect of i.n. treatment with IL-12 and gentamicin in promoting the clearance of Francisella organisms. Our results show that this mode of treatment is highly dependent on IFN-␥ and may be a viable strategy for the treatment of pulmonary Francisella infection without the need for prolonged antimicrobial therapy.
MATERIALS AND METHODS
Bacteria. F. tularensis subsp. novicida was kindly provided by Francis Nano from the Department of Biochemistry and Microbiology, University of Victoria, Victoria, British Columbia, Canada. Bacteria were grown at 37°C in Typticase soy broth (TSB) supplemented with 0.1% cysteine. Aliquots of bacteria were stored at Ϫ70°C in TSB containing 80% glycerol.
Mice. Six-to 8-week-old female BALB/c mice were obtained from the National Cancer Institute (Bethesda, Md.). IFN-␥-deficient (IFN-␥ Ϫ/Ϫ ) and wildtype (IFN-␥ ϩ/ϩ ) BALB/c mice and NK-cell-deficient (C57BL/6J-Lyst bg-j ) and wild-type (C56BL/6J) mice were obtained from the Jackson Laboratories (Bar Harbor, Maine). The mice were housed in the animal facility at the University of Texas at San Antonio and were provided food and water ad libitum. All animal care and experimental procedures were performed in compliance with Institutional Animal Care and Use Committee guidelines.
Intranasal IL-12 treatment, bacterial load assessment, and survival studies. For i.n. treatment, the mice were first anesthetized with 3% isoflurane with a rodent anesthesia system (Harvard Apparatus, Holliston, Mass.) (20) . Anesthetized animals were treated i.n. on days Ϫ1 and 0 with 100 ng of IL-12 in phosphate-buffered saline (PBS) containing 1% normal BALB/c mouse serum (PBS-NMS); control mice were treated with PBS-NMS alone. The i.n. route of IL-12 delivery was chosen on the basis of the findings from preliminary experiments comparing intraperitoneal (i.p.) and i.n. treatments. The i.n. route was found to be the most efficacious, and no toxicity was observed. This is in agreement with previous findings (1-3) on the feasibility of the use of IL-12 as a mucosal adjuvant. All animals were then challenged i.n. with 100 CFU (10 50% lethal doses) of F. tularensis subsp. novicida 4 h after the final treatment. The actual concentration of the bacterial inoculum for each experiment was determined by serial dilution and plating on Trypticase soy agar (TSA) supplemented with 0.1% cysteine. The bacterial loads in groups of infected animals were assessed by removal of the target organs 24 and 72 h after pulmonary challenge. The organs were homogenized with an electric stirrer (Arrow Junior; Kimble/ Kontes, Vineland, N.J.). The homogenates were serially diluted, plated on TSA supplemented with 0.1% cysteine, and incubated for 18 to 24 h at 37°C for bacterial enumeration. For the survival studies, the mice were treated either i.n. or i.p. with 100 ng of IL-12 in PBS-NMS on days Ϫ1 and 0 and were challenged 4 h later with 100 CFU of F. tularensis subsp. novicida. All animals were monitored daily for morbidity and mortality.
Pulmonary Francisella infection and IL-12-gentamicin treatment. For i.n. challenge and treatment, the mice were first anesthetized as described above. The animals were immediately challenged i.n. with 1,000 CFU of F. tularensis subsp. novicida in 25 l of sterile PBS. The larger challenge dose (1,000 CFU, or approximately 100 50% lethal doses) was selected for use in the treatment studies to better assess the efficacy of the combinatorial therapy. Animals were treated i.n. at 8 and 24 h after challenge with 100 g of gentamicin (Invitrogen, Carlsbad, Calif.) or a combination of gentamicin and 100 ng of recombinant murine IL-12 (R&D Systems, Minneapolis, Minn.) in PBS-NMS. Some groups of mice were treated with IL-12 or PBS-NMS alone. In some experiments, we also examined the effects of delaying treatment against pneumonic tularemia. All mice were monitored daily.
Phagocytosis assay. The effects of IL-12 and IFN-␥ on the intracellular growth of Francisella was studied with murine macrophages (J774 cells; American Type Culture Collection, Manassas, Va.). J774 cells (10 5 cells/well) were incubated in microtiter plates and infected at a multiplicity of infection of 10:1 with F. tularensis subsp. novicida with or without 5 or 50 ng of recombinant IL-12 or IFN-␥ (R&D Systems) per ml for 1 h. The cultures were then treated for an additional 1 h with medium containing gentamicin (10 g/ml) to eliminate the extracellular bacteria. The cells were then treated for 24 h with or without IL-12 or IFN-␥. The cells were subsequently washed with Hanks balanced salt solution containing 0.1% gelatin, and the cell mixtures were lysed in 0.2% sodium deoxycholate (Sigma) and plated on TSA supplemented with 0.1% cysteine. Colonies were enumerated after 24 to 36 h of incubation at 37°C. Tumor necrosis factor alpha (TNF-␣) secretion by activated macrophages was measured by enzyme-linked immunosorbent assay, as described previously (3).
Statistical analysis. Survival data were analyzed by the Mann-Whitney rank sum test, and the bacterial loads and the results of the in vitro experiments were evaluated by Student's t test with the statistical software program SigmaStat. The data are presented as means Ϯ standard deviations.
RESULTS
Synergistic effect of i.n. IL-12 and antibiotic treatment against pulmonary Francisella infection. To directly assess whether IL-12 treatment can mediate resistance to pulmonary Francisella infection, BALB/c mice were pretreated (on days Ϫ1 and 0) with 100 ng of IL-12 or PBS-NMS i.n. and were subsequently challenged by the same route with 10 2 CFU of F. tularensis subsp. novicida. The animals were killed at 24 and 72 h after challenge, and the bacterial loads in various target organs were assessed. Within 24 h of pulmonary Francisella infection, similar levels of bacteria were recovered from the lungs and livers of both sets of animals ( Fig. 1) . However, no bacteria were recovered at 24 h from the spleens of the IL-12-treated animals, whereas they were recovered from the spleens of the controls. By 72 h after i.n. challenge, the IL-12-treated animals displayed a marked reduction of bacteria in the livers and spleens compared to the levels in the livers and spleens of the animals treated with PBS-NMS. To determine the effects of prophylactic treatment with IL-12 on survival, groups of mice were pretreated with IL-12 i.n. or i.p. and were subsequently challenged with 10 2 CFU of F. tularensis subsp. novicida. It was found that i.n. IL-12 treatment significantly increased the time to death compared to that for the animals that were pretreated i.p. with IL-12 or animals that received vehicle alone (Fig. 2) . Therefore, although IL-12 administration clearly modulated the outcome of the bacterial load and the time of survival after infection, this treatment regimen did not reduce the overall rate of mortality among the animals.
Combinatorial immunotherapy with antibiotics plus cyto-
Effects of intranasal IL-12 treatment on the course of pulmonary tularemia. BALB/c mice (age, 4 to 6 weeks; three mice per group) were pretreated i.n. with 100 ng of IL-12 in PBS-NMS or PBS-NMS only on days Ϫ1 and 0. All animals were challenged i.n. with 100 CFU of F. tularensis subsp. novicida 4 h after the last treatment. The animals were killed 24 and 72 h after infection; and the organs were removed, homogenized, and plated. Colonies were enumerated after 24 to 36 h of incubation at 37°C. Results are shown as the means Ϯ standard deviations. The differences in the levels of bacteria in the livers of IL-12-treated and PBS-treated mice at 72 h were significant (P Ͻ 0.05).
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on August 28, 2017 by guest http://aac.asm.org/ kines has been shown to be successful against several different organisms (6, 8, 37) . To determine the therapeutic efficacy of this approach against Francisella, we used IL-12 and gentamicin, a conventional antibiotic that is used to treat individuals with acquired tularemia (7) . BALB/c mice were challenged i.n. with 10 3 CFU of F. tularensis subsp. novicida. At 8 and 24 h after pulmonary challenge, the mice were treated with combinations of gentamicin (100 g) and IL-12 (100 ng), gentamicin alone, IL-12 alone, or PBS-NMS. This therapeutic treatment regimen revealed that the combination of IL-12 and gentamicin was highly efficacious, resulting in about 70% survival among animals infected this highly infectious organism (Fig.  3A) . This also was evident by the gradual increase in the body weights of the treated animals (Fig. 3B) . In contrast to the combinatorial treatment, animals treated with gentamicin alone displayed only 17% survival, and animals receiving either IL-12 or PBS-NMS alone succumbed to the infection by day 6. The clearance of the bacterial infection was also evident by histological analyses, whereby the lungs of animals treated with combinatorial therapy 30 days after the challenge looked markedly healthy, with a minimal presence of organisms (data not shown).
To determine the efficacy of this combined treatment delivered at later times during an ongoing infection, we delayed the combinatorial treatment regimen over a span of 4 days. As shown in Fig. 4A , delayed treatment resulted in a reduction of the survival rates that correlated with the length of time between challenge and the initiation of therapy. Animals treated at 8 and 24 h after challenge (10 3 CFU) were highly protected, as expected, with a minimal loss of body weight (Fig. 4B) . When the treatment was delayed to 24 and 36 h postinfection, the survival rate dropped to 66%, but it was still statistically significantly (P Ͻ 0.05) higher than that for the untreated controls. Further delay of the treatment to 48 and 60 h postchallenge resulted in about 40% survival, whereas delay of treatment to 72 and 84 h after challenge resulted in the deaths of all of the animals.
The effects of combinatorial IL-12-gentamicin treatment are dependent on IFN-␥. IL-12 administered i.n. or parenterally has profound regulatory effects on the immune system through its ability to preferentially activate Th1 and NK cells and induce IFN-␥ production (42) . To assess the contribution of IFN-␥ in mediating the therapeutic effects of the combined treatment, IFN-␥ Ϫ/Ϫ and corresponding wild-type mice were infected with F. tularensis subsp. novicida and treated 8 and 24 h later with gentamicin plus IL-12. All of the IFN-␥ Ϫ/Ϫ animals succumbed to the infection by day 5, whereas 80% of the IFN-␥ ϩ/ϩ animals were protected through 30 days (data not shown). Since NK cells serve as a prime target for IL-12 and play an important role in innate immunity, we determined the role of these cells in mediating the protective effects of this treatment. Mice defective in NK cell activity (C57BL/6J bg ) and corresponding wild-type (C57BL/6J) animals were infected and treated as described above. Whereas 50% of NK-celldeficient animals survived the disease, all the wild-type animals were fully protected (data not shown). Only a transient loss of weight was seen in treated wild-type animals, whereas the NK-cell-deficient mice displayed enhanced weight loss and only gradually regained their initial body weights.
Since the effect of IL-12 on drug-induced bacterial clearance is dependent on IFN-␥, we investigated whether therapeutic administration of IFN-␥ would directly augment the effects of gentamicin. Mice infected i.n. with F. tularensis subsp. novicida were treated at 8 and 24 h after challenge with a combination of either 100 ng of murine IFN-␥ and gentamicin or gentamicin alone. As shown in on August 28, 2017 by guest http://aac.asm.org/ with either 5 or 50 ng of IFN-␥ during the 24-h period markedly inhibited replication of the bacteria in a concentrationdependent manner. Upon activation, murine macrophages are known to produce TNF-␣, which plays a pivotal role in the antimicrobial effects of these cells (19) . Whereas very little TNF-␣ was detected in macrophages exposed to bacteria with or without IL-12, cells incubated with bacteria in the presence of IFN-␥ induced significant amounts of TNF-␣ (a 9-fold increase in the presence of 5 ng of IFN-␥ and an 18-fold increase in the presence of 50 ng of IFN-␥) at 24 h (Fig. 6B) . Therefore, enhanced TNF-␣ secretion by IFN-␥-stimulated cells may be involved in the significant inhibition of F. tularensis subsp. novicida replication.
DISCUSSION
Management of intracellular bacterial infections with conventional antibiotic therapy is difficult. Antibiotic treatment of such infections often results in high treatment failure and relapse rates (9, 12) . Moreover, many of the obligate and facultative intracellular bacteria have evolved defense mechanisms that allow replication within phagocytic cells, thereby allowing them to resist intracellular killing and avoid immune surveillance (14, 34, 46) . The respiratory tract and the lungs are major portals of entry for inhalation and aerosol infections and serve as primary sites of infection before systemic spread. The delivery of bioweapons such as F. tularensis and Bacillus anthracis by these routes has an additional dimension because of the extreme infectivities of the organisms, the ease of transmission, and the high fatality rate from infections with these organisms. This was particularly evident with the illicit disseminations of inhalation B. anthracis and the resulting deaths from those incidents (4). All these obstacles pose significant challenges, particularly with intracellular bacteria, such as F. tularensis, that are highly infectious and that are the agents of biological warfare. Therefore, there is substantial interest from a public health management standpoint in developing prophylactic and therapeutic antimicrobial treatment strategies that can directly target the respiratory epithelium. Here we show the effectiveness of i.n. combinatorial treatment with gentamicin plus IL-12 for the therapeutic treatment of pulmonary tularemia. Such treatment protocols that enhance the antimicrobial activities of antibiotics without increasing the drug dosage or prolonging drug use are promising alternatives as therapies against F. tularensis infection.
Combinatorial therapy with cytokines plus antibiotics has been proven to be successful for the treatment of persistent intracellular pathogens. The combination of IFN-␥ and either vancomycin or gentamicin has been reported to improve therapy against drug-resistant Enterococcus faecalis infection in mice (32, 33) . Doherty and Sher (8) showed that low doses of IL-12 together with either clarithromycin or rifabutin decreased the splenic loads of M. avium to a greater extent than treatment with the cytokine or drugs alone. Similar strategies have been described for combined treatments for fungal infections that are extremely difficult to treat with conventional drugs (37) . The synergistic effects of these different cytokine and drug combinations have been attributed to the enhanced uptake of the drug (40) and to activation of phagocytic cells to increase the levels of oxidative burst and killing (44) . Using another alternative strategy for the treatment of pulmonary tularemia, Wong et al. (45) demonstrated that aerosol administration of liposome-encapsulated ciprofloxacin prolonged the retention of the drug in the lower respiratory tract and provided enhanced protection against lethal challenge compared to the protection offered by the free drug alone.
Using an i.n. treatment approach to target the respiratory compartment directly, we have shown the effectiveness of combinatorial therapy with gentamicin plus IL-12 for the treatment of pulmonary tularemia. This treatment regimen administered twice, i.e., at 8 and 24 h, after challenge significantly protected the animals from pulmonary tularemia compared with the protection that animals treated either with the drug alone or with IL-12 alone received. A delay of the combinatorial therapy to 24 and 36 h was still highly effective against the advanced form of the pulmonary disease, as seen by the 67% rate of survival, while further delay of this therapy to 48 and 60 h resulted in 33% survival. Although combinatorial therapy needs be initiated by at least 60 h after infection, a shorter delay may be necessary when dealing with the more virulent subspecies of the pathogen in humans. Thus, the combined therapy is most likely useful for the treatment of a known exposure to the pathogen rather than following an unexpected bioterrorist attack, when individuals would likely present at clinics with nondiagnostic symptoms several days after exposure and when the window of treatment may have expired.
Our results also show that the effects of the combinatorial approach for the treatment of pulmonary tularemia are primarily mediated by IFN-␥ and that NK cells may contribute to the clearance of this pulmonary infection. IFN-␥ has a variety of immunoregulatory functions, which include the induction of Th1 cell differentiation and the activation of NK cells (42) . After IL-12 treatment the greater reduction of bacterial loads in the liver and spleen compared to that in the lungs, the primary site of infection, may be attributed to the increased numbers of NK cells and NK T cells in these organs that can be directly activated by IL-12 to enhance cytolytic activity and the killing of infected cells (26) . IFN-␥ has also been shown to directly activate macrophage activity and killing (30) . The failure of the combinatorial therapy in infected IFN-␥-deficient animals supports the pivotal role of IFN-␥ in activating innate defenses. In addition, IFN-␥-activated macrophages very efficiently mediated the intracellular killing of Francisella in vitro compared to the level of killing mediated by cells treated with IL-12. This enhanced killing may be related to the augmented induction of TNF-␣ seen after IFN-␥ treatment of the macrophages. These results are in agreement with those of Fortier et al. (16) , who have shown that TNF-␣ may act as an autocrine signal to amplify IFN-␥-induced production of NO to inhibit the growth of Francisella. Although IL-12 plays a major role in regulating the IFN-␥-mediated clearance of Francisella infection, mechanisms independent of IFN-␥ that involve the IL-12 p40 subunit (10) alone or in combination with cytokines such as IL-23 (43) may be involved.
Our results show that direct administration of IFN-␥ acts in synergy with gentamicin to promote bacterial clearance. However, IL-12 may be the more appropriate cytokine for combinatorial therapy for several reasons. Foremost, IL-12 has a longer sustainable half-life than IFN-␥ in vivo, is produced upstream of IFN-␥, and should induce amounts of IFN-␥ (20) that shows that IL-12 delivered i.n. induces less systemic IFN-␥ production and fewer pathological changes. We are aware that i.n. pulmonary challenges tend to deposit in the respiratory mucosa, whereas aerosol delivery results in dispersion of the infectious inoculum into the alveoli (29) . Thus, while the combinatorial therapy is highly effective against F. tularensis subsp. novicida, it would be important to determine if the same treatment regimen is also successful against aerosol challenges with F. tularensis subsp. tularensis, which is highly virulent for humans and mice. In summary, the findings of the present study indicate a feasible alternative treatment approach for pulmonary tularemia. The i.n. delivery of combinatorial therapy with IL-12 and gentamicin directly targets the respiratory tract and promotes clearance of the organism without requiring increased doses of the drug alone. This combinatorial cytokine-drug therapy may also be generally applicable to other biological warfare agents that primarily infect the host via the respiratory tract.
